To characterize the physiological role of metallothioneins I and II (MT-IϩII) in the brain, we have examined the chronological effects of a freeze injury to the cortex in normal and MT-IϩII null mice. In normal mice, microglia/macrophage activation and astrocytosis were observed in the areas surrounding the lesion site, peaking at ϳ1 and 3 d postlesion (dpl), respectively. At 20 dpl, the parenchyma had regenerated. Both brain macrophages and astrocytes surrounding the lesion increased the MT-IϩII immunoreactivity, peaking at ϳ3 dpl, and at 20 dpl it was similar to that of unlesioned mice. In situ hybridization analysis indicates that MT-IϩII immunoreactivity reflects changes in the messenger levels. In MT-IϩII null mice, microglia/macrophages infiltrated the lesion heavily, and at 20 dpl they were still present. Reactive astrocytosis was delayed and persisted at 20 dpl. In contrast to normal mice, at 20 dpl no wound healing had occurred. The rate of apoptosis, as determined by using terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling, was drastically increased in neurons of ipsilateral cortex of the MT-IϩII null mice. Our results demonstrate that MT-IϩII are essential for a normal wound repair in the CNS, and that their deficiency impairs neuronal survival.
Metallothioneins (MTs) are a family of low molecular weight, heavy metal-binding, cysteine-rich proteins. In the mouse, there are four isoforms, MT-I to MT-IV (Palmiter et al., 1992; Quaife et al., 1994) . In the C NS, MTs occur in the isoforms MT-I, MT-II, and MT-III. MT-IϩII are expressed in virtually all tissues, and in the brain they are localized mainly in astrocytes, microglia, leptomeningeal cells, ependyma, and choroid plexus epithelium (Young et al., 1991; Masters et al., 1994b; Penkowa and Moos, 1995; Penkowa et al., 1997) . MT-III is primarily confined to the brain, but the data regarding its cellular localization are conflicting, because in situ hybridization analysis suggests neurons as the main site of expression (Masters et al., 1994b) , whereas immunocytochemistry studies suggest microglia /macrophages and astrocytes as the cells with the highest MT-III protein content Yamada et al., 1996; Penkowa et al., 1999) .
The actual physiological role(s) of the different MT isoforms in the brain still remains to be established. Those of MT-IϩII could be related to their putative antioxidant f unctions as well as zinc and/or copper metabolism (Sato and Bremner, 1993; Aschner et al., 1997; Hidalgo et al., 1997) . Presumably MT-III functions will differ from those of their normal counterparts MT-IϩII, as suggested from in vitro (Uchida et al., 1991; Erickson et al., 1994; Palmiter, 1995; Sewell et al., 1995) and in vivo studies (Quaife et al., 1998) . The intracerebral expression of MT-IϩII is clearly upregulated during pathological conditions induced by trauma (Penkowa and Moos, 1995) , immobilization stress (Hidalgo et al., 1990) , kainic acid-induced seizures (Dalton et al., 1995; Zheng et al., 1995) , excitotoxic NMDA cortex damage , and administration of 6-aminonicotinamide (Penkowa et al., 1997) . Furthermore, MT-IϩII expression is increased in the myelin-deficient jimpy mouse (Vela et al., 1997) and in several human adult neurodegenerative disorders such as Alzheimer's disease (AD), Pick's disease (Duguid et al., 1989) , and amyotrophic lateral sclerosis (Sillevis Smitt et al., 1992) , as well as in aging (Suzuki et al., 1992) and after brain ischemia (Neal et al., 1996) .
MT-III was discovered unexpectedly as a factor decreased in AD (Uchida et al., 1991) , and a number of animal models have shown that MT-III mRNA or protein levels are significantly altered during CNS damage (Hozumi et al., 1995 Yamada et al., 1996) .
Taken together, these studies strongly suggest that MTs are important proteins in the brain for coping with the tissue damage elicited by a wide array of factors and diseases. However, what the protective roles are, if any, remains unknown. The MT-IϩII (Masters et al., 1994a )-deficient mice used in this report represent a unique experimental approach for determining the putative importance of these MT isoforms in the CNS during traumatic conditions.
MATERIALS AND METHODS

Production of the MT-IϩII-and MT-III-deficient mice.
Homozygous MT-IϩII knock-out (KO) mice were generated as previously described (Mas-ters et al., 1994a) . The KO mice were raised on the 129/Sv genetic background; therefore, mice from this strain were used as controls.
E xperimental procedures. Normal and genetically MT-IϩII null adult mice were lesioned under tribromethanol anesthesia. The skull over the right frontoparietal cortex was exposed, and a focal cryoinjury on the surface of the brain was produced with dry ice (Ϫ78°C) (Penkowa and Moos, 1995) . The animals were housed in cages with free access to food and water. The handling of the animals were approved by the proper committees of animal research and ethics of Spain and Denmark.
We performed three experiments. In the first one, control and MT-IϩII null mice were lesioned and killed 3 d postlesion (dpl) along with unlesioned animals. In a second experiment, the animals were killed after 1, 3, 10, and 20 dpl. In a third experiment designed for in situ hybridization studies, the animals were killed by decapitation without tissue fixation 6 and 24 hr after the lesion along with unlesioned mice. Three to six mice per group were used in each experiment.
Mice were deeply anesthetized with Brietal and perf used with Z amboni's fixative for immunohistochemistry, histochemistry, and terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUN EL). For Timm's silver sulfide staining we added Na 2 S to the Z amboni's fixative. For in situ hybridization studies, mice were killed by cervical dislocation, and the brains were immediately frozen in liquid nitrogen and stored at Ϫ80°C.
C ellular countings were performed for lectin-, GFAP-, neuronalspecific enolase (NSE)-, MT-IϩII-, Cu / Z n-superoxide dismutase (Cu / Z n-SOD)-, and TUN EL -positive cells for statistical evaluation of the results. To this end, positively stained cells were counted from a 0.4 mm 2 area of unlesioned hemispheres (data not shown) as well as from the ipsilateral site of the lesioned mice. Representative counting areas are shown in Figures 1, 2 , and 4; they are in the border of the lesion, where gliosis is prominent.
Histochemistr y. Biotinylated tomato lectin from the Lycopersicon esculentum (Sigma, St. L ouis, MO; code L9389), 1:500, was used as a marker for cells of the myelocytic and monocytic cell lineages, such as microglia / macrophages, as well as a marker for vessels. The lectin was developed using streptavidin -biotin -peroxidase complex (StreptABComplex / HRP; Dakopatts, Copenhagen, Denmark; code K377) prepared at the manufacturer's recommended dilutions and performed for 30 min at room temperature. The reaction product was visualized using 0.015% H 2 O 2 in 3,3Ј-diaminobenzidine/ Tris-buffered saline (DAB/ TBS), with DAB as a chromogen.
Immunohistochemistr y. Sections were preincubated with pronase E (protease type X IV, Sigma, number P5147; 0.025 gm dissolved in 50 ml of TBS) for 10 min, pH 7.4, at 37°C followed by incubation in 10% goat serum in TBS (0.05 M Tris, pH 7.4, and 0.15 M NaC l) with 0.01% Nonidet P-40 for 15 min at room temperature. Afterward, sections were incubated overnight with one of the following primary antibodies: polyclonal rabbit anti-bovine GFAP (1:250; Dakopatts, code Z 334) (as a marker for astrocytes), polyclonal rabbit anti-human NSE (1:1000; Dakopatts, code A589) (as a neuronal marker), monoclonal mouse anti-human neurofilament (N F) (1:250; Dakopatts, code M762) (as a neuronal marker), polyclonal rabbit anti-rat liver MT-IϩII (1:500; Gasull et al., 1993 Gasull et al., , 1994 , and monoclonal mouse anti-human Cu / Z n-SOD (1:50; Sigma, code S2147). The N F and Cu / Z n-SOD antibodies were used after preincubation of the sections with blocking solutions from the HistoMouse-SP kit (Zymed, San Francisco, CA; code 95-9544) to quench endogenous IgG background staining by the secondary antibody used in mice tissue. The primary antibodies were detected using biotinylated monoclonal anti-rabbit IgG (Sigma, code B3275), 1:400, or biotinylated goat antimouse IgG (Sigma, code B8774), 1:200. These secondary antibodies were detected by StreptABComplex / HRP prepared at the manufacturer's recommended dilutions. These secondary and tertiary steps in the immunoreaction were performed for 30 min at room temperature. The immunoreaction was visualized using 0.015% H 2 O 2 in DAB/ TBS with DAB as a chromogen.
Immunofluorescence. The presence of MT-IϩII in microglia, macrophages, and astrocytes was verified by simultaneous staining for lectin and MT-IϩII or GFAP and MT-IϩII by using double-labeling immunofluorescence histochemistry. For this purpose we used Texas Red-labeled lectin (1:50; Sigma, number L -9139) simultaneously with monoclonal mouse anti-horse MT-IϩII (1:40; Dakopatts, code M0638). The MT-IϩII antibody was used after preincubation of the sections with blocking solutions from the HistoMouse-SP kit to quench endogenous IgG background staining by the secondary antibody in mice tissue. The MT-IϩII were detected using goat anti-mouse IgG linked with aminomethylcoumarin (1:20) for 30 min at room temperature (Dakopatts, code W0477). Simultaneous detection of GFAP and MT-IϩII was performed by using monoclonal rat anti-bovine GFAP (1:100; Zymed, code 13-0300) (as a marker for astrocytes). Anti-GFAP antibodies were detected using fluorescein-conjugated goat anti-rat IgG (H and L, 1:50) for 30 min at room temperature (Sigma, code F6258). Monoclonal mouse anti-horse MT-IϩII were detected as mentioned above.
To evaluate the extent of nonspecific binding of the antisera in the immunohistochemical experiments, 1:100 -1:1000 of normal rabbit or mouse serum or just the preincubation agent was substituted for the primary antibody step described above. Results were considered only if these controls were negative.
MT-I in situ hybridization. Brain MT-I mRNA levels were assayed by in situ hybridization in control and cryolesioned mice, which were killed 6 and 24 hr after the lesion. Serial coronal 30-m sections were cut on a cryostat and mounted on poly-L-lysine-coated slides. For MT-I mRNA studies, we used the mouse cDNA kindly provided by Dr. R. D. Palmiter (University of Washington, Seattle, WA). MT-I and MT-II are isoforms regulated coordinately, and thus we assume that MT-I mRNA levels are representative of the MT-IϩII isoforms (Masters et al., 1994b) . The MT-I cDNA was labeled with [␣- 35 S]UTP using an SP6/ T7 transcription kit (Boehringer Mannheim, Mannheim, Germany). Preparation of sense and antisense probes and the in situ hybridization procedure were performed as previously described (Hernández et al., 1997a; C arrasco et al., 1998) . Autoradiography was performed exposing the film (Hyperfilm-M P; Amersham, Arlington Heights, IL) to the slides for several days. All sections to be compared were prepared simultaneously and exposed to the same autoradiographic film.
Double immunohistochemistr y -in situ hybridization. To colocalize MT mRNA and MT protein, we simultaneously performed in situ hybridization for MT-I or MT-III mRNA and immunohistochemistry for MT-IϩII and MT-III protein. The in situ hybridization procedure, except visualization, was performed before immunohistochemistry was carried out. The autoradiography of MT-I or MT-III mRNA (Hypercoat L M-1; Amersham, code RPN 40) was performed just previously to the visualization of MT-IϩII and MT-III antibodies using DAB as chromogen.
Neo-T imm staining. Sections were physically (autometallographically) developed for 60 min at room temperature in solution containing silver lactate (Moos, 1993) .
T UNEL technique. TUN EL staining was performed after tissue processing as mentioned above. Sections were deparaffinized and incubated with 20 g /ml proteinase K (Sigma) for 5 min to strip off nuclear proteins. TUN EL was accomplished using the Apoptag Plus in situ apoptosis detection kit (Oncor, Gaithersburg, MD; code S7101-K I T). After immersion in equilibration buffer for 10 min, sections were incubated with TdT and dUTP-digoxigenin in a humidified chamber at 37°C for 1 hr and then incubated in the stop -wash buffer at 37°C for 30 min to stop the reaction. After washing in PBS buffer, the sections were incubated in anti-digoxigenin-peroxidase solution for 30 min. Afterward, DAB was used as chromogen, and the sections were counterstained with methyl green. Control sections were treated similarly but incubated in the absence of TdT enzyme, dUTP-digoxigenin, or anti-digoxigenin antibody. Furthermore, we performed control slides from Oncor (code S7115) for comparison. Besides detecting the staining reactivity for TUN EL, we also evaluated the morphological criteria of apoptosis, such as cell shrinkage and compactation of chromatin, to distinguish apoptosis from necrosis.
Double T UNEL-immunofluorescence histochemistr y. To determine which cells were undergoing apoptosis, we performed double-labeling immunofluorescence histochemistry by using a fluorescein-linked apoptosis detection kit (TUN EL; Oncor, code S7110-K I T) simultaneously with one of the following antibodies: Texas Red-labeled lectin, polyclonal GFAP, and polyclonal NSE (as mentioned above). Anti-GFAP and anti-NSE were detected using swine anti-rabbit IgG linked with rhodamine (1:30) for 30 min at room temperature (Dakopatts, code R156).
Statistical anal ysis. Results were evaluated by two-way ANOVA, with strain and freeze lesion as main factors. When the interaction was significant, it was interpreted to be the consequence of a specific effect of the MT-IϩII deficiency during the lesion. MT-IϩII expression in MT-IϩII null mice was evaluated by one-way ANOVA.
RESULTS General
In unlesioned mice, gross inspection of the brain did not reveal significant differences between control and MT-IϩII-deficient mice in the brain anatomy and histology of glial cells. In the lesioned mice, by gross examination of the brains a focal hemorrhage was seen in the right frontoparietal cortex at 1 and 3 dpl, whereas at 10 and 20 dpl only MT-IϩII null mice displayed a visible hemorrhage. In toluidine blue-stained frontal sections, the freeze lesion was seen as a cortical area with no neuronal cells, but instead necrotic cells and debris were present. The tissue damage observed was higher in MT-IϩII null mice.
Injury to the CNS produces a characteristic inflammatory response that results in migration of hematogenous cells into the damaged neural tissue and reactive gliosis (Ghirnikar et al., 1998) . Activated microglia and bone marrow-derived monocytes transform to round phagocytes, generally referred to as microglia/macrophages (Stevens and Bähr, 1993; Perry et al., 1995) . (B, D, F, G, I, J, L, N ) mice. Boxes in A and B depict the areas from which cells were counted (see Fig. 8) . A, Lectin staining in normal mice at 1 dpl, showing microglia /macrophages surrounding the lesion site (arrows). B, Lectin staining in MT-IϩII null mice at 1 dpl, showing a recruitment of microglia/macrophages similar to that of normal mice (arrows). C, At 3 dpl, the lesion of normal mice is confined to cortical layers and encircled by round microglia/macrophages. D, At 3 dpl, the lesion of MT-IϩII null mice is also seen in cortical layers; however, the number of round microglia /macrophages is increased. Infiltrating microglia /macrophages are observed both around the lesion site (small arrows) and in deeper regions of the brain (curved arrows). These cells are by morphology divided into two populations, one being small and round cells adjacent to the lesion (D, small arrows) and the other population observed in deeper regions of the brain (D, curved arrows); these cells are large and amoeboid. E, Higher magnification of the framed area in C. F, Higher magnification of the large and amoeboid cells in D (curved arrows and square in D). G, Higher magnification of the small and round cells in D (small arrows and square in D). H, At 10 dpl, normal mice display partly regenerated parenchyme. The size of the lesioned area has further diminished. Lectin staining product is seen in both round microglia/macrophages and small vessels (arrows). I, At 10 dpl, the lesion site is still extensive and heavily infiltrated by macrophages in MT-IϩII null mice. J, Higher magnification of the macrophages in I. K, At 20 dpl, the brain parenchyma of normal mice has been repaired and is now similar to that of unlesioned mice. L, The lesion is still extensive at 20 dpl in MT-IϩII null mice, and signs of wound repair are absent. The number of microglia /macrophages is continuously high, and regenerating vessels are few in number. M, Higher magnification of K, showing that most of the lectin staining product is confined to vessels (arrows). The number of microglia /macrophages (arrowheads) is similar to that of unlesioned mice. N, Higher magnification of L, showing that most of the lectin staining product is confined to round and amoeboid macrophages. Astrocytes undergo hypertrophy and hyperplasia, generally referred to as reactive astrocytosis. These inflammatory cells of the brain are thought to be essential for maintaining neuronal survival and for tissue regeneration after C NS damage. These responses were thoroughly examined chronologically in the freeze lesion model used in this study, in line with previous results in the rat (Penkowa and Moos, 1995) , providing a framework for characterizing the putative role of MTs in the C NS.
Microglia/macrophages
In normal mice, dramatic changes in the number and morphology of microglia /macrophages were observed surrounding the lesion in a highly temporal-specific manner (see Figs. 1, 8 ). Microglia/ macrophages appeared to a great extent in the injured area at 1 dpl, and at 3 dpl the cells made a line of demarcation around the lesion (Fig. 1 A,C) . Microglia /macrophages were round or amoeboid without ramifications (Fig. 1 E) . At 10 dpl, a majority of the recruited microglia /macrophages had disappeared, and instead, small capillaries appeared in the injured area (Fig. 1 H) . At 20 dpl, the tissue had regenerated, and the parenchyme appeared as that of unlesioned mice. Lectin staining product was seen in capillaries rather than round microglia/macrophages (Fig. 1 K,M) .
In MT-IϩII null mice, an increase in microglia/macrophages was also observed around the lesion, but the temporal response was significantly different from that of normal mice (see Figs. 1,  8) . At 1 dpl the number of microglia/macrophages in MT-IϩII null mice was similar to that of normal mice (Fig. 1 B) . At 3 dpl the microglia/macrophages of MT-IϩII null mice were significantly increased, and they appeared in two populations around the lesion (Fig. 1 D) . One population, seen in the periphery of the lesioned area, was composed of large amoeboid cells (Fig. 1 D,F ) . The other population, seen adjacent to the necrotic area of the lesion, was composed of small and round cells (Fig. 1 D,G) . At 10 dpl, the parenchyma was heavily inflamed, and microglia/macrophages were still significantly increased in number in MT-IϩII-deficient mice (Fig. 1 I,J ) . At 20 dpl, the freeze lesion still persisted, and the injured area was heavily infiltrated by round microglia/ macrophages (Fig. 1 L,N ) . Signs of tissue regeneration such as new vessel formation were almost absent in MT-IϩII null mice. showing less-reactive astrocytes than those of normal mice. E, At 10 dpl, the number of astrocytes surrounding the lesion is starting to decrease in normal mice, and simultaneously astrocytes are beginning to invade the injured area (arrowheads). F, The number of reactive astrocytes in lesioned MT-IϩII null mice is increased at 10 dpl compared with that seen at 3 dpl. Several reactive astrocytes are seen at the border of the lesion (arrows); however, no astrocytes are invading the lesion (asterisk). G, At 20 dpl, the brain parenchyma is restored in normal lesioned mice, and the GFAP immunostaining is similar to that of unlesioned mice. H, At 20 dpl, the number of astrocytes surrounding the lesion is still high in MT-IϩII null mice. Reactive astrocytes are seen as deep as in the basal nuclei (small arrows) as well as invading the lesioned area (arrowheads). The section showed is the neighboring section to that of Figure 
Reactive astrocytes
After the freeze injury, a linear progression and afterward a decline in the number of reactive astrocytes were observed in normal mice, as verified from GFAP immunostaining (see Figs. 2, 8) . Only a few reactive astrocytes appeared at 1 dpl, whereas numerous reactive astrocytes around the lesion were present at 3 dpl in normal mice (Fig. 2 A,C) . At 10 dpl, reactive astrocytes were delineating the partly regenerated injury (Fig. 2 E) . At 20 dpl, the transient reactive astrocytosis had disappeared, and GFAP immunostainings were even lower than in unlesioned mice, probably because of alterations in the structure of cytoskeletal proteins as well as in the extracellular matrix caused by the lesion. Some astrocytes were seen around capillaries and as part of the glia limitans (Fig. 2G,I ).
In MT-IϩII null mice, the expression of GFAP was delayed compared with that of normal mice (see Figs. 2, 8) . Thus, at 1 dpl only a few reactive astrocytes were present, whereas at 3 dpl the number of reactive astrocytes had increased, but compared with that of normal mice at 3 dpl, the astrocytosis was reduced (see Figs. 2 A-D, 8) . At 10 dpl, numerous reactive astrocytes appeared in MT-IϩII null mice (Fig. 2 F) . Both around the lesion site and in deeper areas such as in the basal nuclei reactive astrocytosis was observed. In contrast to normal mice, in MT-IϩII null mice the reactive astrogliosis continued at 20 dpl, with a thick layer of reactive astrocytes surrounding the lesion. In addition, several astrocytes were still identified in deeper areas of the injured hemisphere (Fig. 2 H,J ) .
Neurons
As might be expected, the number of neurons was significantly decreased by the freeze lesion (see Figs. 3, 8) . In normal mice, decreased numbers of NSE-and NF-expressing neurons were observed in neocortical layers surrounding the lesion zone at 1 and 3 dpl (Fig. 3A,C) . The neuronal morphology of these neurons was similar to that of unlesioned control mice, suggesting that they remained relatively unaffected. The number of NSE-and NF-expressing neurons was f urther decreased at 10 and 20 dpl (Fig. 3E,G) .
In MT-IϩII null mice, the number of NSE-positive neurons in the cortex of unlesioned animals was decreased in comparison with normal mice (see Fig. 8 ). After the freeze lesion, the number of NSE-and N F-positive neurons dramatically decreased, significantly more in the MT-IϩII null mice than in control mice (see Figs. 3, 8) . Most of the neurons present in MT-IϩII null mice at 3 dpl were either NSE-negative or showed a shrunken cytoplasm compared with those of normal mice at 3 dpl (Fig. 3B,D) . At 20 dpl, neurons surrounding the lesion in MT-IϩII null mice either were still NSE-negative or had small, shrunken cell bodies with decreased levels of both NSE and N F (Fig. 3F,H ) .
MT-I؉II expression
In normal unlesioned mice, MT-IϩII expression was confined to meninges, ependyma, and a few glial cells (Fig. 4 A) . After the lesion, the expression of MT-IϩII was increased in microglia/ macrophages and reactive astrocytes of normal mice, peaking at ϳ3 dpl (see Figs. 4 B-E, 8) . At 20 dpl, the MT-IϩII expression returned to normal (Fig. 4 F) .
As expected, in MT-IϩII null mice no MT-IϩII expression was detected (Fig. 4G) . As verified from double immunofluorescence histochemistry, MT-IϩII were detected in both microglia/macrophages and astrocytes (Fig. 5) .
Cu/Zn-SOD expression
In unlesioned normal and MT-IϩII null mice, Cu/Zn-SOD expression was confined to glial cells and some neurons localized in the cortex. Cu/Zn-SOD expression followed the same pattern as that of gliosis. Thus, it was significantly increased by the lesion in a time-dependent manner, and the increase was higher and extended longer in MT-IϩII-deficient mice (see Figs. 4 H,I, 8) . In normal mice, Cu/Zn-SOD immunoreactivity peaked at 3 dpl, and at 20 dpl it had returned to basal levels. Cu/Zn-SOD expression increased in microglia/macrophages, reactive astrocytes, and neurons, as verified by using double immunofluorescence histo- chemistry (data not shown). In MT-IϩII-deficient mice, Cu/Zn-SOD expression increased significantly more than in normal mice and remained high even at 20 dpl (see Fig. 8 ).
In situ hybridization of MT-I
A representative autoradiograph for MT-I and MT-III mRNA is shown in Figure 6 . The quantifications performed in the border of the lesion of the ipsilateral and contralateral sites of the cortex of all the mice are also shown in Figure 6 . It is clear that MT-I mRNA levels are significantly increased by the freeze lesion in a temporal manner, and that no effect is observed in the contralateral site. Thus, these results confirmed the immunocytochemical ones, suggesting that MT-IϩII protein levels increase because of increased gene transcription.
Neo-Timm staining
Neo-Timm staining, which localizes reactive zinc, was only moderately increased after the freeze lesion in the ipsilateral cortex of the 129 mice, which returned to normal at 20 dpl. Timm staining was increased f urther in the MT-IϩII null mice at all dpl studied (data not shown).
TUNEL labeling
In unlesioned normal and MT-IϩII null mice, only a few cells dispersed in the cortex were labeled by TUN EL (see Fig. 8 ). In lesioned normal mice, a significant increase in TUN EL-positive cells was detected at 1 and 3 dpl (Figs. 7A, 8) . At 10 dpl, only a few apoptotic cells were detected, and at 20 dpl TUN EL labeling was limited to a few cells lying in the formerly lesioned area (Figs. 7C,  8 ). The number of TUN EL -positive cells in normal mice at 20 dpl was similar to that of unlesioned mice.
In MT-IϩII null mice, a significant increase in TUNELlabeled cells was also seen at 1 and 3 dpl, but the number of TUNEL-positive cells seen in these mice was drastically increased compared with that of normal lesioned mice (Figs. 7, 8) . The MT-IϩII null mice displayed plenty of TUNEL-labeled cells inside and surrounding the lesion site (Fig. 7B ). Also at 10 dpl, the number of TUNEL-positive cells in the lesioned area was drastically increased. At 20 dpl, MT-IϩI null mice still displayed a significantly increased number of TUNEL-positive cells inside and surrounding the lesion (Fig. 7D) . Double immunofluorescence histochemistry of NSE and fluorescein-linked TUNEL indicated that the apoptotic cells are neurons lying in the brain parenchyme ensheathing the lesion of both normal and MT-IϩII null mice (Fig. 7E-H ) . The TUNEL-positive neurons displayed morphological criteria of apoptosis, whereas the TUNELnegative neurons were showing a normal cytoplasmic NSE staining. In MT-IϩII null mice, almost all neurons of the vicinity of the lesioned area were TUNEL-positive and were showing an apoptotic morphology. Double immunofluorescence histochemistry of fluorescein-linked TUNEL and lectin or GFAP or MTs, respectively, showed that neither activated microglia/macrophages nor reactive astrocytes were apoptotic, no matter whether they expressed MTs (data not shown).
DISCUSSION
As expected (Penkowa and Moos, 1995) , in normal mice MT-IϩII immunoreactivity increased transiently in microglia/macrophages and reactive astrocytes of the ipsilateral cortex after the freeze lesion. MT-I mRNA levels were also increased, clearly suggesting that the observed protein levels were the consequence MT-I mRNA levels in the ipsilateral and contralateral sites of normal mice were evaluated by one-way ANOVA, and only in the former was a significant effect of the lesion observed ( p Ͻ 0.001).
of increased gene transcription. The temporal pattern of MT-IϩII induction suggests that they form part of the plethora of mechanisms involved in protection against C NS inflammation. Consistent with such a role, MT-IϩII levels have been observed to be increased in several human neurodegenerative disorders as well as in a number of experimental models . Furthermore, in transgenic mice with interleukin 6 (IL -6) expression targeted to astrocytes, which show profound microgliosis and astrogliosis and upregulation of several inflammatory and other host response genes (C ampbell et al., 1993) , MT-IϩII were also dramatically induced (Hernández et al., 1997b; C arrasco et al., 1998) . These results suggest that MT-IϩII upregulation during brain damage is mediated by cytokines such as IL -6. Indeed, it is believed that glial responses to brain damage are orchestrated by a number of cytokines and growth factors, including IL-6, IL-1, tumor necrosis factor-␣, transforming growth factor-␤, insulinlike growth factor I, and granulocyte-and/or macrophage colonystimulating factor (Giulian et al., 1994; Perry et al., 1995) . Results obtained in IL-6 null mice after the facial nerve transection (Klein et al., 1997) or experimental autoimmune encephalomyelitis (Eugster et al., 1998) demonstrate that IL-6 is a major cytokine controlling gliosis during CNS damage. Furthermore, this seems to be the case also in the cryolesion model (Penkowa et al., 1999) . Importantly, MT-IϩII upregulation was severely depressed by IL-6 deficiency. Thus, the studies above suggest that MT-IϩII appear to behave as acute-phase proteins in the brain, but their physiological roles remain uncertain. The MT-IϩII null mice (Masters et al., 1994a) represent a unique experimental approach for determining the putative importance of these MT isoforms for coping with CNS injury. The results with the cryolesion model demonstrate that these proteins are of major importance.
A major finding of this study is that the activation of microglia/ macrophages is dramatically extended in MT-IϩII-deficient mice. As noted above, microglia /macrophages result from the activation of resident microglia as well as from the infiltration and activation of bone marrow-derived monocytes. The inspection of the temporal pattern of microglia /macrophages appearance suggests that both the activation process and the recruitment of blood monocytes are normal in the MT-IϩII null mice. However, the normal f unctions of activated microglia /macrophages do not seem to proceed afterward, because no wound healing occurred even at 20 dpl, when complete healing was evident in normal mice. Thus, MT-IϩII could be important for the normal functions of these cells in the brain. Strong support for this hypothesis is given by results obtained in the human monocyte-derived cell line THP-1 Koropatnick and Z alups, 1997) , because the respiratory burst was significantly reduced by a number of experimental MT-IϩII decreases, including antisense downregulation. Interestingly, monocytes of MT-IϩII null mice also show an impaired respiratory burst in vitro (J. Koropatnick, personal communication) . The present in vivo results with MT-IϩII null mice suggest that microglia /macrophages are not f unctioning properly, which probably explains the lack of tissue regeneration and wound healing, as well as the delay in the astrocytosis. Both the sustained microgliosis and the heterogeneous populations of lectin-positive cells observed in the MT-IϩII null mice, suggestive of the release of both undifferentiated and differentiated myelocytes and monocytes from the bone marrow, might be related to an unbalanced cytokine profile (our unpublished observations), which deserves further attention.
The present results also demonstrate that, in the absence of MT-IϩII, neuronal apoptosis was dramatically increased in the cryolesion model. A role of MT-IϩII in the control of apoptosis has received much support in recent in vitro and in vivo studies (Zheng et al., 1996a; Hamada et al., 1997; Hellquist, 1997; Houben et al., 1997; Kondo et al., 1997; Lie et al., 1998) , but to our knowledge the present report is the first one to demonstrate a significant role of MT-IϩII in apoptosis of brain cells. The actual mechanisms through which MT-IϩII deficiency would be causing cells to engage in apoptosis are yet unknown, but several possibilities are likely. First, MT-IϩII are major factors controlling zinc and copper metabolism (Palmiter and Findley, 1995; Dalton et al., 1996; , and thus the absence of MT-IϩII could likely increase the amount of free zinc, which in excessive amounts could affect neuronal survival on its own (Yokoyama et al., 1986; Koh et al., 1996) . Indeed, the results obtained with Timm staining suggested that the amount of free zinc was increased in the MT-IϩII null mice compared with controls in the lesioned area. However, further studies are needed considering the role of zinc transporters (Palmiter and Findley, 1995; Palmiter, 1998) . Second, MT-IϩII have also been suggested to be antioxidant proteins (Thornalley and Vasak, 1985; Sato and Bremner, 1993) . MT-IϩII null embryonic cells show enhanced sensitivity to oxidative stress caused by tert-butylhydroperoxide and the redox cycling toxin paraquat, as well as enhanced sensitivity to anticancer drugs such as cisplatin, melphalan, bleomycin, cytarabine, and N-methyl-NЈ-nitro-N-nitrosoguanidine Lazo et al., 1995; Woo and Lazo, 1997) . In vivo, MT-IϩII null mice are also more sensitive to the oxidative stress caused by paraquat (Sato et al., 1996) , paracetamol (Rofe et al., 1998) , and cisplatin (Lie et al., 1998) . Also, hepatocytes in culture of MT-IϩII null mice are more sensitive to tert-butylhydroperoxide (Zheng et al., 1996b) and cisplatin (Lie et al., 1998) . Thus, the absence of MT-IϩII during traumatic injury to the CNS, such as after a cryolesion, which will undoubtedly have increased free radicals because of the cell disruption and the associated inflammatory response (Giulian et al., 1994; Perry et al., 1995) , might render the CNS with less antioxidant defenses. This could lead to increased oxidative stress, which has been proposed as a mediator of apoptosis (Buttke and Sandstrom, 1994) . We have observed that the heme oxygenase 1 (data not shown) and SOD levels were increased in the lesioned MT-IϩII null mice, suggesting an increased oxidative stress (Maines, 1997) . Third, the ongoing exacerbated inflammatory response in the MT-IϩII null mice could also produce additional signals affecting the apoptosis pathway (Merrill and Jonakait, 1995; Thompson, 1995) . Finally, neuronal apoptosis could also be attributable to the lack of proper glia function (see above).
In summary, the present study demonstrates that the MT-IϩII isoforms appear to be essential for normal wound healing in the CNS after traumatic injury. Furthermore, they are also essential for neuronal survival. Thus, these functions provide some rationale for the importance of MT-IϩII proteins, which are highly preserved and represented in nature but which, despite a tremendous number of studies, did not appear to have clear physiological functions (Palmiter, 1998) . . We counted cells from the areas marked by squares in Figures 1, 2 , and 4. These areas are representative for all cell countings. Mice were either cryolesioned or left undisturbed and killed at the indicated times after the lesion. C ellular countings shown are mean Ϯ SE (n ϭ 3). Results were evaluated by two-way ANOVA. The effect of the cryolesion and the MT-IϩII deficiency was significant ( p at least Ͻ 0.01) in all cases. The main morphological features of these cells are shown in the previous figures in representative animals.
